MicroRNAs (miRNAs) are 18-24 nucleotides non-coding RNAs that regulate gene expression by post-transcriptional suppression of mRNA. The Chinese giant salamander (CGS, Andrias davidianus), which is an endangered species, has become one of the important models of animal evolution; however, no miRNA studies on this species have been conducted. In this study, two small RNA libraries of CGS ovary and testis were constructed using deep sequencing technology. A bioinformatics pipeline was developed to distinguish miRNA sequences from other classes of small RNAs represented in the sequencing data. We found that many miRNAs and other small RNAs such as piRNA and tsRNA were abundant in CGS tissue. A total of 757 and 756 unique miRNAs were annotated as miRNA candidates in the ovary and testis respectively. We identified 145 miRNAs in CGS ovary and 155 miRNAs in CGS testis that were homologous to those in Xenopus laevis ovary and testis respectively. Forty-five miRNAs were more highly expressed in ovary than in testis and 21 miRNAs were more highly expressed in testis than in ovary. The expression profiles of the selected miRNAs (miR-451, miR-10c, miR-101, miR-202, miR-7a and miR-499) had their own different roles in other eight tissues and different development stages of testis and ovary, suggesting that these miRNAs play vital regulatory roles in sexual differentiation, gametogenesis and development in CGS. To our knowledge, this is the first study to reveal miRNA profiles that are related to male and female CGS gonads and provide insights into sex differences in miRNA expression in CGS.
Introduction
Amphibians are an important evolutionary bridge between aquatic and terrestrial vertebrates (Vogel et al. 1999) . The Chinese giant salamander (CGS, Andrias davidianus) is the largest extant amphibian in the world (Zhou et al. 2013 ) and belongs to the Cryptobranchidae family, which only contains three species (Cryptobranchus alleganiensis in North America, Andrias japonicus in Japan and Andrias davidianus in China). It is known as a 'living fossil' because it has existed for more than 350 million years (Gao & Shubin 2003) . It was listed in the China Red Data Book as an endangered species in 1986 and has been included on the International Union for Conservation of Nature and Natural Resources Red List of Threatened Species since (Hu et al. 2016 . The phylogenetic position of the CGS makes it as an invaluable model organism, and it has received a great deal of attentions in studies on evolution, comparative biology and other studies (Fan et al. 2015) . However, due to the deterioration of its habitat, over-harvesting, environmental pollution, climate change and the increasing prevalence of infectious diseases (Dong et al. 2010 , Du et al. 2016 , the CGS population has declined sharply in last half-century (Wang et al. 2004 , Che et al. 2014 , Li et al. 2015a . At present, artificial breeding with mixed-sex cultures is used to increase the CGS population (Fan et al. 2015) , but not wholly successfully. For example, the reproductive rate is low, and less than 15% of CGSs produce offspring every year (Shi 2011) . Because of the difficulty in determining CGS sex at the immature stage, mixed-sex cultures have not satisfactorily increased the CGS population. The reproductive physiology and gonadal development of CGSs are currently unknown. However, recent advances have revealed that microRNAs (miRNAs) are essential for sexual differentiation, gonadal development, gametogenesis and reproductive performance (Grossman & Shalgi 2016 , Kwekel et al. 2017 .
The miRNAs belong to a group of endogenous small non-coding RNAs that are 18-24 nucleotides (nt) in length (Bartel et al. 2004 , Dong et al. 2014 , exist in all known animal species and have different spatiotemporal expression patterns (Li et al. 2010, Kadri et al. 2011, R Chen and others 
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Reproduction (2017) 154 [269] [270] [271] [272] [273] [274] [275] [276] [277] [278] [279] www.reproduction-online.org Ji et al. 2012) . In animals, almost all miRNAs regulate their gene expression at the post-transcriptional level by binding to complementary target sites in the 3′ untranslated region of mRNA (He & Hannon 2004 , Leung & Sharp 2010 . Over one-third of protein-coding genes in humans are regulated by miRNAs, which open a new perspective on gene regulatory networks (Kim & Nam 2006) . The miRNAs are involved in a variety of biological processes, such as development (Ambros et al. 2003 , Chen et al. 2004 , cell proliferation and death (Brennecke et al. 2003) , cell differentiation, cell survival, cell-cycle control, apoptosis (Beilharz et al. 2009 ), immune responses (Pedersen et al. 2007 , Li et al. 2008 , as well as diseases (Poy et al. 2004) ; however, to our knowledge, there have been no reports of miRNAs in the CGS.
High-throughput sequencing of RNA (RNA-Seq) is an efficient way of mapping and quantifying transcriptomes and has been developed to analyze global gene expression in different tissues. In this study, Illumina sequencing technology was used to characterize miRNA expression profiles in the gonadal tissues of male and female CGSs. A miRNA database would not only significantly advance our knowledge of the miRNA population presented in CGSs but also improve our understanding of the roles that miRNAs play in biological processes, such as sexual differentiation, reproductive performance, and the annual cycle of gonadal development in the CGS. Furthermore, the identified miRNAs and differentially expressed miRNAs would be excavated for revealing their regulatory roles in the sexual differentiation and reproduction in this species.
Materials and methods
CGSs were obtained from artificial breeding farms in Chenggu County, Shaanxi Province, China in November. All of the experimental animals were the second generation individuals that were completely permitted for use in research by the Wildlife Conservation Bureau of Shaanxi Province, China. The experimental procedures used in this study were approved by the Faculty Animal Policy and Welfare Committee of Northwest A&F University. The CGSs were anesthetized with 0.6 mg/L tricaine methane sulfonate (MS-222) before being killed by severing the spinal cord with a needle. Tissues samples were collected immediately after death.
Sample collection and RNA extraction
Tissues samples from the heart, liver, spleen, lung, kidney, brain, muscle, pancreas, bladder, ovary and testis were collected at different developmental stages (1, 2, 3 and 4 years old) in November. Three female and three male CGSs were dissected to obtain tissue samples at each developmental stage. Some aliquots of tissue were fixed in Bouin's buffer for sectioning, and others were immediately frozen in liquid nitrogen and stored at −80°C.
For Illumina sequencing, tissue RNA from 4-year-old CGSs was extracted, and RNA samples from three ovaries and three testes tissues were pooled prior to the construction of indexed libraries for Illumina sequencing (Beijing Biomarker Technologies, China).
Total RNA was extracted using the TRIzol reagent (TaKaRa) following the manufacturer's protocol. The quantity and quality of the total RNA were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) at 260/280 nm (ratio >2.0), and its integrity was tested using a 2100 Bioanalyzer and a RNA 6000 Nano LabChip Kit (Agilent) with an RNA integrity number greater than 8.0.
Histological analysis
Ovary and testis tissues from 1-, 2-, 3-and 4-year-old CGSs were fixed in Bouin's buffer for 12 h, stored in 70% (v/v) ethanol and embedded in paraffin. The 7 μm thick sections were deparaffinized with xylene and rehydrated with an ethanol series from 100% (v/v) to 70% (v/v). The slides were washed for 5 min with phosphate-buffered saline (PBS) three times, followed by a hematoxylin wash for 30 s at room temperature. The slides were then washed and stained with 5% acid alcohol for 30 s. Subsequently, the slides were washed for 10 min in PBS to change the stain from purple to blue, before being stained with eosin for 30 s and dehydrated with an ethanol series from 70% (v/v) to 100% (v/v). Digital images were captured using a Nikon Eclipse 80i microscope camera (Nikon).
Small RNA sequence analysis
The original image data obtained by the Illumina sequencing analyzer were automatically transformed into raw reads using base calling. After removing adaptor sequences, lowquality reads, sequences smaller than 18 bp and reads with no insertion, clean reads were obtained and used for further analysis. The sequences were classified by comparing them with the following non-coding RNAs that are deposited in the US National Center for Biotechnology Information (NCBI) GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) and the Rfam database (http://rfam.xfam.org/): ribosomal RNA (rRNA), tRNA-derived small RNA (tRNA), small cytoplasmic RNA (scRNA), small nuclear RNA (snRNA) and small nucleolar RNA (snoRNA), using BLAST to annotate the small RNA sequences. We also compared small RNA expression levels between the ovary and testis.
Identification and expression analysis of miRNAs
Genomic and transcriptomic CGS characteristics are currently unknown; therefore, all the sequencing reads were aligned against miRNA sequences in miRBase (version 20.0) (http:// www.mirbase.org/) by the homology comparison method (the default allows one or two base mismatches). The model amphibian Xenopus laevis, which has a close genetic relationship with the CGS and its transcriptomic data being available, was used as a reference to analyze CGS miRNA sequences and expression profiles. Homologous miRNAs were identified by comparing clean tags with mature miRNAs 271 www.reproduction-online.org Reproduction (2017) 154 [269] [270] [271] [272] [273] [274] [275] [276] [277] [278] [279] in miRBase. A differential expression analysis of miRNAs between the ovary and testis was conducted using miRDeep 2.0 (Wu et al. 2013) . The significance level was set at |log2 (fold-change)| > 1, which ensured an accurate selection of differentially expressed miRNAs. All the sequence data were submitted to the NCBI Sequence Read Archive (https://submit. ncbi.nlm.nih.gov/subs/sra/) with accession no. SRP097571.
Real-time quantitative validation
Reverse transcription PCRs (RT-PCRs) of the separate RNA samples used for sequencing were performed. The stemloop RT-PCR method was developed by Chen and coworkers (Chen et al. 2005) and has been used by other researchers (Sun et al. 2014) . ReverTra Ace reverse transcriptase (TaKaRa) and miRNA-specific stem-loop RT primers were used to synthesize cDNA. The amplification program was as follows: incubation at 37°C for 15 min, 85°C for 5 s and then stored at 4°C. A SYBR Green Real-Time PCR Master Mix (TaKaRa) and a Bio-Rad CFX96 Real-Time PCR system (Bio-Rad) were used to conduct real-time quantitative PCRs (qPCRs) according to the standard protocol. Each 20 μL qPCR system contained 10 μL SYBR Premix Ex Taq II (Tli RNaseH Plus) (2×), 1 μL cDNA (blank control using ddH 2 O rather than a cDNA template), 0.8 μL forward miRNA primer and 0.8 μL reverse miRNA primer. All the reactions were run in triplicate. The qPCR amplification program was as follows: pre-denaturation at 95°C for 2 min, followed by 35 cycles of 30 s at 95°C, 30 s at 60°C and 15 s at 72°C (Chen et al. 2015) . Relative quantification was calculated using the 2 −ΔΔCT formula (Sun et al. 2014) , with U6 snRNA included as an internal control. The data were compared by Student t-test, using the SPSS (version 17.0) (SPSS), and the results are expressed as the mean ± 1 s.d. of duplicates values. P < 0.05 was considered statistically significant. All the primers for the RT-PCRs and qPCRs are presented in Table 1 .
Results

Gonadal development
Testis and ovary tissues at different developmental stages (1, 2, 3 and 4 years) were examined by hematoxylin and eosin staining (Fig. 1) , which revealed that the male CGSs had not reached sexually maturity at 1, 2 and 3 years (Fig. 1A , B, C, A′, B′ and C′). At 4 years, the seminiferous tubules contained various types of germ cell including primary germ cells, primary spermatocytes, secondary spermatocytes and sperm ( Fig. 1D and D′) . Only primary oocytes and primordial follicles were observed in the ovaries of 1-, 2-and 3-year-old CGSs (Fig. 1E, F and G) , whereas in 4-year-olds, in addition to the above, large antral follicles were present (Fig. 1H) . Therefore, we chose the gonadal tissues of 4-year-old CGSs for sequencing.
Overview of the sequencing data
In order to identify differentially expressed miRNAs between the ovary and testis, two small RNA libraries of 4-year-old CGSs were constructed. The Illumina sequencing of which provided a total dataset of 31,406,812 raw reads (15,464,561 and 15,942,251 reads from the ovary and testis libraries respectively). After removing low-quality sequences, simple sequences, contaminants that were formed by adapteradapter ligation and sequences longer than 30 nt or shorter than 18 nt, 13,018,310 and 11,796,754 clean reads were ultimately obtained from the ovary and testis libraries respectively (Table 2) . We compared the small RNA sequences with those in GenBank and the Rfam database to obtain the annotation information of other non-coding RNAs (Table 3) . We found a large amount of rRNA, which is consistent with that reported by previous studies (Kadri et al. 2011 ). This was not surprising, because rRNA is the most abundant small RNA and regulates protein biosynthesis by binding ribosomes to a variety of proteins. After removing the rRNA and other non-coding RNA sequences, the two small RNA libraries were analyzed to find tissue-specific small RNAs. The percentages of the ovary-specific and testis-specific sequences were 41.33% and 36.54% of the total small RNAs in the two libraries respectively (Fig. 2A) . Ovary-specific unique sequences accounted for 50.30% of all sequencing reads, and testis-specific unique sequences accounted for 46.94% of the sequencing reads (Fig. 2B) . 
The miRNAs found by homology comparisons
Many miRNAs varied in sequence length and in the number of single-nucleotide polymorphisms (SNPs) they contained, possibly due to post-transcriptional RNA modifications. These miRNA variations are referred as miRNA isoforms (isomiRs) which vary in length and/or sequence (Morin et al. 2008 , Neilsen et al. 2012 . The total numbers of miRNA sequences (isomiRs or SNPs) found by homology comparisons in the ovary and testis were 18,182 and 16,719 respectively (Supplementary Tables 1 and  2 , see section on supplementary data given at the end of this article). When all the identical sequence reads were classified as a group, 757 unique miRNAs were annotated as miRNA candidates in the ovary library and 756 unique miRNAs were annotated as miRNA candidates in the testis library (Supplementary  Tables 3 and 4 ). The ovary-specific and testis-specific sequences accounted for 2.09% and 1.55% of the total miRNAs in the two libraries respectively (Fig. 2C) . Ovary-specific unique miRNAs accounted for 19.95% of all the sequencing reads and testis-specific unique miRNAs accounted for 19.84% of all the sequencing reads (Fig. 2D) . We found that 145 (1.37%) and 155 (7.74%) miRNA sequences in the ovary and testis of CGSs respectively were homologous to those in the ovary and testis respectively, of Xenopus laevis ( Fig. 2E and Supplementary Tables 5 and 6 ). Size distributions of the small RNAs (from 18 nt to 30 nt) were similar between the male and female libraries (Fig. 3 ). There were small peaks at 22 nt and 29-30 nt; however, most of the small RNAs were of different lengths. However, size distributions are only a rough and preliminary screening, and small RNAs should be mapped to the genome and known pre-miRNAs and their secondary structures predicted for identification and characterization. Variations in length are mainly caused by enzymatic modifications, such as RNA editing, 3′-editing or exonuclease activity (Li et al. 2010) .
Deep sequencing revealed that the individual miRNAs exhibited heterogeneous 5′ or 3′ ends or posttranscriptional end additions, deletions or substitutions, as exemplified by miR-200a-5p and miR-200a-3p, the predicted precursors, which had a typical hairpin structure (Fig. 4) . Their isoforms had different sequence reads, which suggests that they exhibit differential expression in male and female gonads. The other predicted miRNA hairpin structures in the ovary and testis are shown in Supplementary Files 1 and 2.
Differentially expressed miRNAs between the ovary and testis
The expression profiles of each miRNAs in the ovary and testis by using Xenopus laevis miRNA sequences as a reference are presented in Supplementary Table 7. A total of 120 miRNAs were differentially expressed between the ovary and testis, 45 of which were more highly expressed in ovary and 21 of which were more highly expressed in the testis (Supplementary Tables 8  and 9 ). For example, miR-451 and miR-10c were mainly expressed in the ovary, whereas miR-101, miR-202, miR-7a and miR-499 were mainly expressed in the testis. This suggests that these miRNAs may affect the development of gonadal tissue.
Validation of differentially expressed miRNAs
Six differentially expressed miRNAs between the ovary and testis libraries were selected: ada-miR-10c and ada-miR-451 from the ovary library and ada-miR-7a, ada-miR-499, ada-miR-101 and ada-miR-202 from the testis library. The primers for these miRNAs are shown in Table 1 . The qPCR and deep sequencing results were similar for the selected miRNAs (Fig. 5 ) and indicated that they coexisted in the different tissues.
The miRNAs expression levels at different developmental stages (1, 2, 3 and 4 years) in the ovary and testis are presented in Fig. 6 . The relative expression levels of the selected miRNAs differed between the testis and ovary. During development, the relative expression levels of miR-451, miR-202 and miR-499 in the testes gradually decreased, whereas no specific trends were observed in the ovary. The expression levels of miR-7a, miR-101, miR-202 and miR-499 in the testis were significantly higher than those in the ovary, whereas the miR-451 expression level was higher in the ovary, but only in the 4-year-old CGSs.
Discussion
The CGS is an invaluable animal model for research in genetics, phylogenetics and evolution (Fan et al. 2015) . However, environmental degradation, over-harvesting and other reasons have made the CGS rare. As a result, it is artificially farmed in mesocosms for research and conservation. However, because of the difficulty in determining the species' sex at immature stage, mixed-sex cultures have not satisfactorily increased the CGS population. Recent advances have revealed that miRNAs are essential for sexual differentiation, gonadal development and reproductive performance (McEwen et al. 2016 , Tyler et al. 2017 ; however, no studies have been conducted on the regulatory roles of miRNAs in CGSs. Here, we present CGS ovary and testis miRNAs profiles, which will increase our understanding of the mechanisms underlying sexual differentiation in this species and provide a preliminary theoretical basis for the further study of the CGS's reproductive biology.
Lower values were obtained when using Xenopus laevis as a reference (1.37% and 7.74%) than when using the homology comparisons (19.95% and 19.84%), verifying the accuracy of the data analysis. That part of less (18.58% and 12.10%) possible matching other homologous species, such as frog, highlighting the difference between CGSs and Xenopus laevis, demonstrated the particularity of CGS. The size distributions of the sequences included two peaks (22 nt and 29-30 nt), which were probably miRNAs and piwi-interacting RNAs (piRNAs) respectively (Grossman & Shalgi 2016 , Marie et al. 2016 . The size distribution of the miRNAs peaked at 22 nt, which is the typical size of Dicer-derived products (Mi et al. 2014) . Meanwhile, miRNAs (isomiRs and SNPs) were found by homology comparisons in the ovary and testis. MiRNA variations can be caused by post-transcriptional RNA modifications, such as shifts in Drosha and Dicer cleavage sites, exonuclease-mediated trimming, miRNA editing or 3′-end non-templated nucleotide additions (Morin et al. 2008 , Neilsen et al. 2012 . In addition to the homologous miRNA, isomiR expression could also have a post-transcriptional regulatory function in cells, tissues or at specific developmental stages (FernandezValverde et al. 2010 , Bizuayehu et al. 2012a .
A novel class of small RNAs (piRNAs) was found in 2006 that differed from miRNAs in size (26-32 nt long rather than 18-24 nt long), mostly in 29-30 nt (Lau et al. 2006 , Rastetter et al. 2015 and could silence transposons and retroposons at the epigenetic and post-transcriptional levels, maintain the genomic stability and integrity of germ cells (Bao & Yan 2012) and regulate cell proliferation (Klattenhoff & Theurkauf 2008) , and meiosis, particularly during spermatogenesis (Goh et al. 2015) . Twenty-eight-nucleotide-long piRNAs are highly expressed in both the ovary and testis of zebrafish (Houwing et al. 2007 , Kamminga et al. 2010 . In Xenopus laevis and Oreochromis niloticus, piRNAs are abundant in both female and male gonads , Xiao et al. 2014 . The piRNAs are present in the gonads of lower vertebrates and are involved in the regulation of sexual differentiation, gonadal development and gametogenesis; therefore, potential piRNAs were also investigated in the present study. BLAST software was used to compare the CGS raw data with human, mouse and rat piRNA sequences (Sai et al. 2008) , and sequences with a high similarity (≥96%) were selected for homology analysis. We found that 182, 114 and 113 piRNA-like sequences in the small CGS ovary library were homologous with piRNA sequences in the human, mouse and rat respectively (Supplementary Tables 10, 11 and 12) . And 168, 129 and 120 piRNA-like sequences in the small CGS testis library were homologous with piRNA sequences in the human, mouse and rat respectively (Supplementary Tables 13, 14 and 15) . These piRNA-like sequences require further investigation.
We observed only small peaks in size distribution of the small RNAs possibly because other types of noncoding small RNAs of different sizes increased the basic level of the size distribution. Recently, tRNA-derived small RNAs (tsRNAs) that are 14-32 nt in length have been discovered in various organisms (Haussecker et al. 2010 , Peng et al. 2012 , Kumar et al. 2014 . The tsRNAs could maintain their stability by means of the nucleic acid sequence modification and are also sensitive to stress. The tsRNA and their RNA modifications could contain epigenetic information. In mice, sperm tsRNAs could contribute to the intergenerational inheritance of an acquired metabolic disorder (Chen et al. 2016) . It would be reasonable to expect that tsRNAs exist in the gonads of the CGS and may play an important role in gonadal development in this species.
The qPCR and deep sequencing revealed similar trends for all of the miRNAs selected. At 4 years, adamiR-10c and ada-miR-451 were more highly expressed in the ovary than the testis, whereas ada-miR-7a, adamiR-499, ada-miR-101 and ada-miR-202 were more highly expressed in the testis. MiR-202 is abundant in mouse and Xenopus gonads (Ro et al. 2007 , and in the chicken, is more highly upregulated in the testis than the ovary (Bannister et al. 2009 (Bannister et al. , 2011 , as is the case in Atlantic halibut (Hippoglossus hippoglossus), which is a teleost vertebrate ItheIt (Bizuayehu et al. 2012a,b) . In cattle, miR-202 is highly expressed in sperm and could improve embryonic development and nuclear reprogramming (Gao & Zhang 2016). Our results for CGSs agree with these findings. The results of these studies suggest that the gonadal expression of miR-202 is conserved among vertebrates and that miR-202 plays a crucial role in reproduction. Similar to our results, miR-451 has been reported to be highly expressed in female halibut (Bizuayehu et al. 2012a,b) and plays a vital role during bovine follicle development (Sontakke et al. 2014) . The miRNA-451 and its target gene Ankrd46 are vital for embryo implantation (Li et al. 2015a,b) . The differentially expressed miRNAs in CGS Figure 6 The expression profiles of miRNAs in CGSs different development stages of ovary and testis were detected by qPCR. 1, 2, 3 and 4 were represented 1-, 2-, 3-and 4-year-old CGSs respectively. T and O were represented testis and ovary of CGSs respectively. Asterisk * and ** indicate significant differences between the two groups at P < 0.05 and P < 0.01 respectively. NS means not significant.
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The expression levels of miR-7a, miR-101, miR-202 and miR-499 in the testis were significantly higher than those in the ovary at all developmental stages, whereas the miR-451 expression level was higher in the ovary than that in the testis, but only at 4 years. The relative expression levels of miR-451, miR-202 and miR-499 in the testes gradually decreased, whereas in the ovary, there was no relationship between expression level and developmental stage. This may have been related to the histological analysis of the gonads at different developmental stages (Fig. 1) . In CGSs, sexual differentiation is complete at 1 year (Yang et al. 1983 ). Subsequently, the testis and ovary are immature until 3 years of age. In 2-and 3-year-old CGSs, there are many developmentally arrested oocytes in the ovary (Huang 2009), and few male germ cells in the testis (Fig. 1) . However, at 4 years of age, there are different types of germ cells in the testis and the ovary. There were no significant differences between 2-and 3-year-old CGSs in the ovary and testis expression levels of some miRNAs, such as miR-451 and miR-7a. This confirms that miRNAs play individual as well as synergistic roles in regulating the gonadal development and gametogenesis (Bizuayehu et al. 2012a ,b, Gao & Zhang 2016 .
Although tissue-specific miRNAs were not found in this study, the differentially expressed miRNAs identified could be used to distinguish male and female CGSs during development, which will improve CGS artificial breeding.
Conclusion
Many miRNAs and other small RNAs, such as piRNAs and tsRNA, were abundant in the ovary and testis of CGSs. We identified 145 miRNAs in the CGS ovary and 155 miRNAs in the CGS testis that were homologous to those in the Xenopus laevis ovary and testis respectively. Forty-five miRNAs were more highly expressed in the ovary than that in the testis, and 21 were more highly expressed in the testis. The selected miRNAs exhibited differential expression levels in the ovary and testis during different CGS developmental stages. These results increase our knowledge of CGS miRNAs, facilitate investigations into gonadal developmental regulation in CGSs, and provide a theoretical basis for the artificial breeding of CGSs.
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